Abstract. The self-focusing instability of high-power radio waves in the ionosphere in the presence of density irregularities is presented. The present study addresses the role of preexisting density irregularities which are always present in the instability region. The presence of ambient irregularities results in the excitation of wave numbers, which, on the basis of homogeneous theory of the self-focusing instability, should be stable. This effect can explain the puzzling observations that indicate growth of the medium-scale (on the order of hundreds of meters) irregularities during ionospheric heating. The computational results are compared with available experimental data and will be used to plan experiments using the upcoming High-Frequency Active Auroral Research Program heater.
Introduction
The ionospheric modification experiments using radio frequency (RF) heater facilities at Arecibo, Platteville, Alaska, the SURA facility in Russia, and Tromso provide a rich variety of results related to the spatial structures in the ionospheric medium, the scattered electromagnetic signals, and particle energization [Lityak, 1970; Carlson and Duncan, 1977 [Kelley et el., 1995] have revealed the excitation of irregularities in the medium during the RF (radio wave) heating experiments, which have been attributed to the self-focusing instability (SFI). The self-focusing (and filamentation) instability has also been of interest in various other plasma environments, such as the laser plasma interaction studies. There have been some recent reports of observations of the filamentation instability (in the underdense region) in the laser-plasma interaction experiments [Young, 1991, Current theories emphasize identification of the physical processes leading to self-focusing in homogeneous plasmas. They have often not considered many realistic effects, such as density irregularities in the medium. These nonideal factors affect the self-focusing instability, because they affect the local refractive index of the plasma. In the present paper we study the self-focusing of radio waves in the ionosphere for the underdense (pump frequency, Wo, much greater than the plasma frequency, Wpe) case in two dimensions (2D). The 2D geometry captures the essential physics aspects of the selffocusing instability. We find that the presence of density irregularities in the medium results in simultaneous excitation of the self-focusing instability at short and long wavelengths due to mode coupling. This broadband excitation occurs for threshold pump powers for which the homogeneous plasma theory predicts excitation of long wavelengths only. The mechanism is akin to the quashresonant mode coupling excitation of high-k wavenumbers by long-wavelength Langmuir waves in the presence of sinusoidal density perturbations [Kaw et el., 1973b] . These results provide a natural explanation for the observations of small scale sizes at low pump powers [Frey et el., 1984; Frey and Duncan, 1984] . We note that the validity of the analysis in the underdense regime is to within an Airy scale length (determined by the plasma inhomogeneity) of the critical surface and hence has a broader range of applicability close to the overdense situation. Bernhardt and Duncan [1982] have carried out 2D numerical simulations of the self-focusing instability. They included an initial sinusoidal perturbation of the density in the case of underdense plasma when the pump wave was represented by a plane wave. This density perturbation leads to the linear growth of the self-focusing instability (SFI) at the same wavelength. Their results for this case showed that the initial pattern evolved into a distorted pattern (due to nonlinear effects) with smaller scale sizes. We examine analytically 
The Self-Focusing Instability
We present first a simplified picture of the self-focusing instability which includes the effects of the density irregularities in the medium. In the collisional case the important nonlinear effect is the thermal nonlinearity (nonlinear Joule heating). In this case the regions of higher field intensity experience enhanced temperature as a result of the increased resistive heating, and the resulting hydrodynamic expansion of the plasma causes the plasma density to be reduced in the elevated temperature regions (enhanced field intensity regions). The resultant modification in the nonlinear dielectric constant of the medium tends to focus the beam in the depleted density regions, resulting in an instability. An isothermal equation of state, p = n T, cold ions (T i = 0), and v e • vei are assumed. By considering scale sizes large enough, thermal conductivity effects can be neglected in comparison with the electron cooling effects due to collisions with ions. We consider a situation in which the electromagnetic (EM) beam enters a plasma which has a sinusoidal equilibrium density modulation and then examine the stability of the beam to perturbations with wave number different from the density irregularity. We describe the equilibrium density as horn(y) = n0(1 -e, cos k,y),
where nora denotes the modified equilibrium density, n o is the undisturbed ambient density, and ei, ki are the amplitude and wave number of the density irregularity. We have assumed that there is no variation in the ambient density fluctuations along the direction of propagation (z). This is justified, since in the high-latitude ionosphere, the region on which our study is focused, the vertical direction, the z axis, is nearly aligned with the ambient magnetic field. The instability mechanism responsible for the natural density irregularities (such as the interchange mode [Chaturvedi et al., 1992] 
Numerical Results
By using equation (6), equations (4) . The results described above are for a sinusoidal equilibrium density perturbation with a given wave number. Extension to the case of nonsinusoidal perturbation, or to the case of random perturbations, is of interest, since this is the likely form of the inhomogeneities encountered in the ionosphere. It may be noted here that the nearly simultaneous excitation of small wavelengths due to the presence of density irregularities is qualitatively similar to the quasi-resonant mode coupling of Langmuir waves in a plasma with density irregularities discussed by Kaw et al. [1973b] . They showed that in the presence of a sinusoidal density irregularity, long-wavelength plasma waves drove short-wavelength modes which could then exchange energy with particles via waveparticle interaction, leading to production of energetic tails.
Marginal Stability Analysis
In this section we show that the numerical results obtained in the preceding section are reproduced by a simplified analytic model using marginal stability analysis. In this case we assume O/Oz • 0 in equations (10) 
The threshold field is obtained from the determinant of (14)-
( k2--O/T)(k2+ --O/T)( k2---O/T) --T (k-{-mr--O/T)' (•7)
where the above analysis is valid for, e_+/e o = e/[2(k2_+ - 
Discussion
The ionosphere is seldom quiescent, and the turbulence embedded in it is known to span a wide range of values in time, space, and amplitude. The importance of density irregularities on the parametric mode-coupling process has been demonstrated in the literature in a variety of contexts, such as the quasi-resonant mode coupling of small-k Langmuir waves to high-k Langmuir waves [Kaw et al., 1973b ] and the effect of random inhomogeneities on the parametric scattering processes [Guzdar et al., 1974] . We have described above our preliminary study on the effect of a sinusoidal plasma density variation on the thermal self-focusing instability for the underdense case. We find that small scale sizes are excited owing to the presence of modest amplitude density irregularities by the self-focusing process for pump intensities that are subthreshold for the homogeneous case. In many ionospheric heating experiments conducted for the overdense case the observed irregularity scale sizes were such that these would be stable according to the homogeneous theory [Frey et It is well known that medium scale size structures are often observed in the ionosphere (more frequently at high and low latitudes) owing to natural plasma turbulence arising from low-frequency instabilities such as the interchange mode. (At midlatitudes (e.g., Arecibo), where natural processes are not known to lead to strong plasma irregularities as at high and low latitudes, the observations from heating experiments indicate formation of small-scale irregularities on "intermediate" timescales of milliseconds to seconds, resulting presumably from the "early" timescale (less than milliseconds) processes (like strong langmuir turbulence.)) A self-consistent treatment describing the self-focusing instability in the presence of ionospheric irregularities would include equations describing the "natural modes" (responsible for the irregularities) along with the equations describing the SFI. In this description the damping associated with the "natural modes" would be introduced in the coupled system describing the SFI and the "natural modes." This introduction would lead to a modification of the thresholds for the SFI. In the present work we have included only the description of the SFI in the presence of developed ionospheric irregularities, a treatment valid for the "late" time (timescales greater than seconds) regime. At both the middle and high latitudes one may expect to obtain well-developed ambient irregularities in the late timescale regime, either as a result of the "conditioning" due to the "early" time processes (at midlatitudes) or due to the "natural" modes at the high latitudes. Therefore the physical process described in the present work is expected to occur at both the middle and high latitudes in the "late" time regime. The self-consistent treatment, involving a detailed description of the irregularity formation, may lead to a modification of the thresholds, but the unstable spectrum of the SFI at "late" times would be determined by the amplitude and wave number of the irregularity 
